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The purpose of this study was to test the effect of high voltage stimulation (HVS) on blood flow velocity (BFV) in the rat hind limb. A 20-MHz pulsed Doppler device was used to measure BFV changes in the femoral artery of 20 anesthetized rats after electrical stimulation. The animals were stimulated under the following conditions: 1) four different pulse rates, 2) changes in stimulus voltage, and 3) changes in polarity. Blood flow velocity also was measured in the unstimulated hind limb. Although each of the four pulse rates caused significant increases in BFV, the 20-pulse-per-second rate produced BFV increases significantly greater than the other three pulse rates. The BFV changes, on the average, occurred less than 1 minute from the onset of stimulation and lasted up to 14 minutes after the cessation of the stimulation. The BFV increased with increases in voltage intensity. Both the positive and negative poles elicited significant increases in BFV, but the negative pole produced the greatest increases. Blood flow in the unstimulated hind limb was unchanged after stimulation. This study indicates that HVS of muscle does cause significant increases in blood flow to the stimulated rat hind limb.
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In 1877, Gaskell noted changes in venous blood flow after tetanic stimulation of the crural nerve of the dog. At the onset of stimulation, he noted a sudden increase, or spurt, of blood flow and, after a few seconds, he noted a decrease in blood flow. Finally, after stimulation, he noted another increase in blood flow with a gradual return to normal. 1 Gaskell thought that the initial spurt of blood might be caused by squeezing of the vessels by the contracting muscles and that the decreased blood flow during contraction was caused by stimulation of vasoconstrictor muscle fibers. In 1901, Bayliss found that electrical stimulation of certain posterior nerve roots of the lumbosacral cord caused vasodilation, not vasoconstriction, of hind limb vasculature in the dog. 2 Since those early investigations, many other researchers have studied the effect of electrical stimulation on blood flow and blood pressure responses. Johansson found that in cats, direct peripheral nerve stimulation with a frequency of 10 pulses per second (pps) at 3 V caused an increase in muscle blood flow, whereas stimulation with 50 pps at 20 V caused a decrease in muscle blood flow. 3 Other investigators also have found that stimulation of motor nerves caused an increase in muscle blood flow. 4, 5 Direct stimulation of the sympathetic chain fibers, however, has been shown to decrease muscle blood flow, apparently through sympathetic vasoconstriction. 6 , 7 Clement and Pannier found that direct stimulation of muscles in dogs with a frequency of 40 Hz produced mean blood flow increases of 101%. 8 In another study, Clement and Shepherd found that direct muscle stimulation with a frequency of 5 Hz caused vasodilation, whereas a stimulation frequency of 40 Hz caused vasoconstriction. 9 Donald and Ferguson found that stimulation of the anterior nerve roots of T10 through L4 caused vasoconstriction, and stimulation of the L5 to L7 roots caused vasodilation. 10 Gray and Staub found a decrease in blood flow through isometrically contracting muscles. 11 Wakim, using an unspecified type of stimulator, applied both percutaneous and direct motor nerve stimulation to test the effect of stimulation on blood flow in dogs. 12 Although he used stimulation rates of 4, 8, 16, 32, 64, 128, and 256 pps, the 16-pps rate produced the greatest increase in blood flow.
Similar studies on human subjects are limited. Currier, using a 2,500-Hz stimulator, found significant increases in blood flow in the popliteal artery after stimulation of the gastrocnemius muscle. 13 Dooley and Kasprak, using patients with either implanted or transcutaneously applied electrodes, found that peripheral vasodilation occurred after stimulation of either the spinal cord or specific nerve roots, but not with stimulation of peripheral nerves.
14 Clinically, electrical stimulation has been found to help prevent postoperative venous thrombosis, reduce ischemic pain, and facilitate healing resulting from increased circulation and decreased venous pooling.
15-17
Alon suggested that high voltage stimulation (HVS) may be effective in re-RESEARCH ducing pain, increasing joint mobility, reducing muscle spasm, enhancing healing, reducing edema, and improving peripheral circulation. 18 No published reports, however, appear to exist of the effectiveness of HVS in treating any of those conditions. Alon further proposed that increased circulation may play a role in the physiological basis for treatment of all of those conditions. 18 Because of the proposed importance of increased blood flow in treating many clinical conditions, physical therapists should know whether HVS does have any effect on blood flow. No established guidelines, however, exist regarding optimal pulse rates, intensity, or polarities when using HVS.
The purposes of this study were 1) to test the effect, if any, of HVS on blood flow velocity (BFV) and 2) to investigate the optimal limits for the use of HVS.
METHOD
Two series of experiments formed the basis of our study. The first series of experiments was designed to test the effect of HVS on BFV and to determine the most effective pulse rate. The second series of experiments, building on the results of the first series, investigated: 1) whether HVS of one hind limb would cause an increase in BFV in the unstimulated hind limb, 2) the effect of polarity changes on BFV and, 3) the effect of increasing voltage intensity on BFV. The method used in this study was approved by the animal resource facility director at the University of North Dakota before the experiment.
Instrumentation
The ultrasonic pulsed Doppler flowmeter* used in this study has a 20-MHz carrier frequency with an adjustable range control to allow depth penetration of from 1 to 10 mm. 19 The output of the flowmeter is a pulsatile voltage that represents the Doppler shift frequency (0.5 V/l kHz shift) and the instantaneous BFV. Assuming the cross-sectional area of the vessel monitored remains constant, an increased Doppler shift is indicative of increased blood flow in the vessel monitored. 20 In addition to the voltage output, the flowmeter also has an audible output through the use of a built-in speaker.
The voltage output of the flowmeter was connected to a chart recorder.
† The amplifier on the chart recorder was calibrated before each test session using an internally generated 100-mV signal. The output voltage of the flowmeter was recorded on the chart recorder during the entire course of the experiment.
Before use, the flowmeter range control was adjusted to achieve a peak voltage displacement on the chart recorder and the loudest audible sound from the speaker. This procedure corresponds to focusing the ultrasound on the midstream of the vessel where the highest flow rate occurs. 20 Zero or baseline blood flow is determined by turning the ultrasound off by means of a switch on the flowmeter. This electronic zero corresponds to zero blood flow. 20 Because the Doppler flowmeter is pulsed rather than continuous wave, it requires the use of only a single crystal transducer to both transmit and receive the ultrasound signal. The requirement for only one transducer greatly enhances its use on small animals. The pulsed Doppler probe consists of a 1-mm diameter, 20-MHz piezoelectric crystal ‡ embedded in a Silastic ® § adhesive cuff. The crystal is embedded in the cuff so as to maintain a 45-degree angle between the crystal and the lumen of the blood vessel. The complete details of the probe construction have been reported elsewhere. 20 The stimulator used for the study was an EGS 100-2 || stimulator. The EGS 100-2 delivers a twin peak pulse of short duration of about 65 to 75 µsec with a variable intensity of 0 to 500 V. The pulse rate can be varied from 1 to 120 pps. To accommodate the stimulator for use on small animals, we used a bipolar stimulation technique involving two 5-× 5-cm carbon electrodes.
#

Procedure
Fifteen male Sprague-Dawley rats weighing 325 to 500 g were used for the first series of experiments, and 5 other rats weighing 395 to 465 g were used in the second series. To record the BFV for both series, we anesthetized the rats with an intraperitoneal injection of sodium pentobarbitol (50 mg/kg). A 2-cm incision was made just distal to the inguinal area of the left hind limb to expose the femoral nerve, artery, and vein. A section of the femoral artery, about 1 cm in length, was separated carefully from the accompanying nerve and vein. The lumen of the Doppler probe was filled with conducting gel,** and the probe was placed around the section of the artery and sutured in place with 6/0 silk through the Silastic® cuff. For the second series of experiments, we similarly placed Doppler probes around both the left and right femoral arteries. We then connected the wire leads from the probe to the input of the flowmeter.
To prepare each animal for electrical stimulation, we shaved the hair from the back and left hind limb area. For all the experiments, the dispersive electrode was coated with conducting gel and taped in place just lateral to the vertebral column and directly superior to the hip joint. The active electrode was constructed by folding and taping the carbon electrode to form a rounded cuff that subsequently was filled with conducting gel, placed over the left hind paw of the rat, and then taped in place ( Fig. 1) .
In preliminary studies involving three animals, we found that at voltage levels greater than 90 V, the strong muscle contraction induced by pulse rates of 80 and 120 pps caused a slight displacement of the Doppler probe resulting in partial vessel occlusion. To avoid the vessel occlusion, we used a stimulus level of 90 V for all pulse rates during the actual research, except for a part of the second series of experiments, in which we used a varying voltage intensity.
The flowmeter output was recorded continuously by the chart recorder before, during, and after each stimulation period. Throughout both series of experiments, we determined a control level of BFV before each of the stimulation periods by observing the baselineto-peak voltage output of the flowmeter on the chart recorder. The stimulator was turned off during the determination of the control BFV.
First experimental series. For the first series of experiments, we set the HVS stimulator on continuous mode, the po-larity switch on negative, and the pulse rate on 2, 20, 80, or 120 pps. During each test session, the animal was stimulated with all four of the pulse rates. The order in which the four pulse rates were administered was determined by a random number table before the experiment. After obtaining a control level of BFV, we stimulated the animal for three minutes with one of the four pulse rates. After three minutes, we turned off the stimulator and allowed the BFV to return to the control level. The stimulation procedure then was repeated using each of the other three pulse rates.
Second experimental series. Because we found the 20-pps stimulus to elicit the greatest increases in BFV in the first series of experiments, we designated it as the standard pulse rate for the second set of experiments. To test the effect of HVS on BFV in the contralateral, unstimulated limb, we stimulated the animal's left hind limb with the 20-pps stimulation rate for three minutes at 90 V while recording the BFV from both the left and right limbs.
To test the effect of changing polarity, we stimulated the animal's left hind limb for three minutes with the negative electrode. The animal's blood flow then was allowed to return to the control level, and the stimulation was repeated with the previously negative electrode changed to positive polarity.
Although we used a 90-V stimulus for all of the other sessions, we wanted to determine whether a "threshold" of blood flow response existed. We were interested in determining whether we could alter the magnitude of BFV by changing the voltage intensity. We, therefore, had to change the stimulation protocol for this portion of the experiment to incorporate a wide range of voltage levels available from the HVS stimulator. We arbitrarily selected a voltage range of 20 to 200 V. In preliminary studies, we determined that voltages above 200 V caused such a strong intermittent contraction that we experienced movement artifact problems with the flowmeter probe wires.
To test the effect of changing voltage intensity, the animal was stimulated with increasing voltage levels in 20-V increments, ranging from 20 to 200 V with negative polarity. For this particular test, the experimental protocol again was altered to accommodate the large number of successive stimulations. Because the results of the first experimental series indicated that the time to reach peak flow was less than one minute, the animal was stimulated for only one minute at each of the voltage levels. During this stimulation session, the stimulator was on continuously, the voltage was increased by 20 V at the end of each minute, and the animal's BFV was not allowed to return to the control level between voltage changes.
Data Analysis
At the completion of each series of experiments, we analyzed the polygraph records to determine both the prestimulus and poststimulus flowmeter voltages. The flowmeter voltages then were converted to BFV using the following equation supplied in the flowmeter technical manual:
where V is the BFV in millimeters per second, 78.25 is a constant for this flowmeter, E is the baseline-to-peak voltage output from the flowmeter, and A is the angle between the sound beam and the BFV vector. The voltage used for determining BFV was calculated by averaging the baseline-to-peak voltages of all pulses occurring during a one-second period of time, usually five or six pulses. For the prestimulus and poststimulus values of BFV, the voltage values for the calculation were taken immediately before and after the stimulation. For the first set of experiments, in addition to the BFVs, our analysis included: 1) the time necessary to reach maximal BFV after the onset of stimulation and 2) the recovery time from the cessation of the stimulation until the control level of BFV was reestablished.
For the second set of experiments, we analyzed BFV changes in both the stimulated and unstimulated limbs. In addition, we compared BFV changes elicited by the negative and positive voltages and the changes in BFV at increasing voltage levels.
After the experiment, we analyzed the mean pretest and posttest BFVs using the Student's t test for BFV changes within each group before and after HVS. To determine differences between the means of the two experimental groups, we used either a one-way analysis of variance (ANOVA) or an analysis of covariance (ANCOVA) with the pretest as covariate. A probability level of .05 was used for all the tests. Table 1 gives the descriptive statistics for changes in BFV before and after HVS for the first set of experiments. We found significant increases in BFV with all four pulse rates after three minutes of stimulation as compared with the control BFV. The overall range of increases in BFV across the four pulse rates was between 0% and 250%. Although the ranges of BFV increases were quite variable within each pulse rate group, the 20-pps stimulus consistently yielded the largest percentage increase in BFV for any given animal. Only one of the animals did not show an increase in BFV after stimulation at 2, 80, and 120 pps, which accounts for the 0% increases in those groups, but that animal did show an 80% increase in BFV with the 20-pps stimulation. Analysis of covariance results are presented in Table 2 for the first set of experiments. The analysis on the adjusted means indicated a significant difference among the pulse rate groups.
RESULTS
First Experimental Series
Scheffé's method of post hoc analysis showed that the increase in BFV after stimulation at 20 pps was significantly greater than the increases in each of the other three pulse rate groups. Differences in BFV increases between the 2-, 80-, and 120-pps pulse rate groups, however, were not significant.
The instantaneous BFV profiles obtained using the pulsed Doppler system were excellent, with a typical flowmeter output shown in Figure 2 . The time required for the BFV to reach peak velocity after the onset of stimulation was quite variable (Tab. 3). The mean time to reach peak BFV, however, was less than one minute for any of the four pulse rates. Although a trend appears to exist toward an inverse relationship between time to reach peak BFV and pulse rate in Figure 3 , an ANCOVA revealed no significant differences between the four pulse rates and the time necessary to reach peak BFV. Because of equipment problems, we could not calculate the time to reach peak BFV or the recovery times for some of the animals; therefore, the size of the groups shown in Table 3 varied.
The recovery time, or the time the BFV took to return to the control level after stimulation, was also quite variable (Tab. 3). For any given animal, recovery time was consistently the longest with the 20-pps stimulation ranging from 5 to 20 minutes after 3 minutes of stimulation (Fig. 4) . Animals in the 2-, 80-, and 120-pps groups had mean recovery times of about 5 to 7 minutes.
An ANOVA indicated significant differences among the four pulse rate groups in recovery time, and Scheffé's method of post hoc analysis showed that the recovery time for the 20-pps group was significantly greater (p < .01) than that, for any of the other groups. We found no significant differences in re- 
Second Experimental Series
The relationship between the voltage intensity and the mean BFV for the five animals used in this series of experiments is illustrated in Figure 5 . We found a significant increase in BFV after stimulation with both the negative and positive polarity settings (Tab. 6). In all five animals, stimulation with the negative pole over the paw generated a larger increase in BFV than the same stimulation with the positive pole. An ANCOVA indicated a significant difference between the adjusted BFV means after polarity changes (Tab. 7). A significantly greater increase in BFV was found with the negative pole than with the positive pole.
DISCUSSION
The results of our experiments indicate that HVS can significantly increase blood flow to the stimulated rat hind limb. In this study, we used percutaneous stimulation, but our results were in agreement with several other animal studies using either direct nerve or muscle stimulation.
4,5,8,10,12
The results of our research are also in agreement with studies on human subjects using percutaneous stimulation.
13,14
Although numerous studies have been conducted, the mechanisms involved in the cardiovascular responses to electrical stimulation and muscle contraction still are not understood fully. Johansson suggested that low threshold, type III afferents were responsible for depressor responses (eg, vasodilation and decreased blood pressure), whereas high threshold type IV (C-fiber) afferents were responsible for pressor responses (eg, vasoconstriction and increased blood pressure). 3 The results of other studies also indicate that type III and IV afferents are responsible for the reflex cardiovascular changes seen during muscle contraction. [21] [22] [23] These receptors are thought to be activated in some way by various stimuli such as muscle pressure, stretch, contraction, pain, and various chemical stimuli and metabolites. Thus, the type III and IV afferents may act as mechanoreceptors and as nociceptors or chemoreceptors, or both. Whether those afferents were involved in the blood flow changes seen in this study is not known. Further investigation would be required, but based on prior studies, stimulation of the type III and IV afferents provide the most plausible explanation for the significant results of this study.
Crayton et al found that blood flow increases to contracting muscles were not affected by alpha or beta blockade and, therefore, they concluded that the blood flow increases were not mediated by alpha or beta adrenergic receptors. 4 The sympathetic cholinergic vasodilator system that may cause vasodilation in the dog and cat after stimulation has not been shown to exist in the rat. We, therefore, would exclude this system as a mechanism for the increase in BFV that we found in our study. 24 The reason the 20-pps stimulus induced a significantly greater increase in BFV than the other pulse rates is difficult to explain. Frequencies of 40 and 50 Hz have been shown to cause vasoconstriction, whereas frequencies of 5 The 20-pps stimulus may have produced a strong, nontetanizing, rhythmic contraction that acted as a muscle pump in the contracting muscles, thereby aiding blood flow. 5 Wakim suggested that stimulation rates of less than 8 pps did not produce an adequate mechanical pumping effect, whereas pulse rates greater than 32 pps caused the resulting muscle contraction to interfere with blood flow.
12 If Wakim's theory is correct, pulse rates between 8 and 32 pps should produce an optimal muscle pumping effect, which would help explain the large increase in BFV seen with the 20-pps stimulation in our study. This observation would suggest further that pulse rates of 2, 80, and 120 pps may not produce a muscle pump effect. Because we found a significant increase in BFV with all pulse rates used in this study, we suggest that in addition to the muscle pump effect, HVS may have some direct local effect on the type III and IV afferent nerves. Because of this hypothesized direct effect, therefore, all of the pulse rates caused a significant increase in BFV. We further suggest that the 20-pps rate may have had both a direct effect and a muscle pumping effect, which resulted in the significantly greater increase in BFV with the 20-pps rate than with the other pulse rates.
In this study, blood flow increases occurred within less than one minute after the onset of stimulation even though most clinical applications of HVS probably would require a longer stimulation period. The clinically significant finding, however, is the quick response of the circulatory system to the HVS.
The observed recovery times suggest that increased blood flow continues for several minutes after stimulation, a finding that also has been reported by other investigators. 10 Our findings further suggest that the recovery time is related to the relative increase in BFV, because the 20-pps stimulus had both a significantly greater effect on BFV and recovery time than the other three pulse rates tested. Clinically, this phenomenon would imply that BFV remains elevated for a period of time after HVS, thereby enhancing the physiological effects of increased blood flow.
In this study, the threshold for increased BFV was about 40 V. The large increase in BFV at 60 V in all of the animals appeared to be related to a visible muscle contraction. This finding indicates a direct relationship between the strength of a muscle contraction and the blood flow through that muscle, which is consistent with the theory that type III and IV afferents are responsible for the cardiovascular responses observed. Kniffki et al found that a contractile force equal to 20% of maximal was required to fire the low threshold, type III afferents, whereas the type IV afferents required a near maximal contraction to respond. 23 This observation would suggest that for HVS to be effective clinically in increasing blood flow, one should try to elicit a muscle contraction rather than just a cutaneous sensation. The BFV changes that occurred in this study apparently were confined to the stimulated extremity, a finding consistent with studies of dogs. 4, 8, 12 In those studies, blood flow increased in contracting muscles and decreased or remained the same in noncontracting muscles. Clement and Pannier concluded that the circulatory reflexes involved consisted of somatic nerve fibers from the contracting muscles as the afferent pathway and adrenergic sympathetic nerves as the efferent pathway. 8 This system apparently allows rather fine control over circulatory changes, causing vasodilation in contracting muscles and vasoconstriction in noncontracting muscles.
Although both the positive and negative polarities caused significant increases in BFV, the negative pole had an even greater capacity to increase BFV in our study. The reason for this effect is not apparent, because neither of the stimulation electrodes were placed over motor points of the muscles fed by the femoral artery or its branches. Even though the instruction manual supplied with the EGS 100-2 stimulator suggested using negative polarity for increasing blood flow, 27 no studies appear to exist that offer a physiological basis for this recommendation.
Clinical Implications
Although we studied small animals only, some important clinical implications may be gained from this type of basic animal research. Ours is the first study that has attempted to measure and describe the effect of HVS on blood flow response. Our results are particularly significant because increased blood flow apparently is an important physiological factor in 1) reducing pain, 2) reducing muscle spasm, 3) enhancing healing, 4) reducing edema, and 5) improving peripheral circulation.
18, Our results indicate that significant blood flow increases can be induced with various pulse rates and, although the 20-pps rate may be the most effective, any of the pulse rates used in this study apparently can be used to increase blood flow.
When using HVS specifically to increase blood flow, our results indicate that a maximal muscle contraction may aid in creating a muscle pumping effect and perhaps in stimulating maximally the type III and IV afferents in and around muscles. This finding would seem to be useful in treating patients with what Cailliet terms "ischemic pain," which is accompanied by a muscle spasm and a decrease in blood flow because of the contracting muscle restricting its own blood supply. 28 With this type of problem, HVS might be of benefit by causing an intermittent muscle contraction, increasing blood flow, and breaking the cycle of muscle spasm and reduced blood flow. Our findings suggest that muscle blood flow increases are related to stimulus intensity. When using HVS specifically to increase muscle blood flow, therefore, clinicians may find the use of a maximally tolerated muscle contraction to be beneficial. High voltage stimulation also may be useful in cases where an increase in blood flow is indicated but where a heating effect, such as from hot packs, would not be desirable. Ours is the first study to show that polarity is important when using HVS to increase blood flow. Stimulation with the negative pole appears to give a much better blood flow response than the positive pole; therefore, polarity should be an important clinical consideration when using HVS. Because of their short-duration pulses, HVS stimulators apparently do not cause chemical or thermal changes under the positive and negative electrodes as do the traditional, low voltage, long-duration galvanic stimulators nor are they effective for use in iontophoresis. 18 The effect of the increased blood flow seems to be quite local in nature and may be limited to the muscles being stimulated. The correct placement of stimulating electrodes, therefore, becomes an important clinical consideration when using: HVS tonncrease blood flow.
Further research certainly is needed to study both the basic physiological and clinical treatment effects of HVS. This type of research will be required if we are to justify the use of HVS current in treating the wide variety of clinical disorders that currently are being treated with HVS. We hope to undertake similar research on human subjects to study the effects of HVS on blood flow.
CONCLUSION
The results of this study indicate that HVS has the ability to cause significant and relatively long-lasting increases in BFV and subsequent blood flow to the stimulated muscles. The blood flow increases appear to be related to a muscle contraction and confined to the stimulated limb. Even though both negative and positive polarities caused significant increases in blood flow, the negative polarity produced the greatest increases. The physiological mechanisms involved in the circulatory changes observed in this study remain unclear. a Significant change, p < .004. b Significant change, p < .003. a Significant change, p < .03.
